We report on the realization of Bose-Einstein condensation of metastable helium-4. After exciting helium to its metastable state in a novel pulse-tube cryostat source, the atomic beam is collimated and slowed. We then trap several 10 8 atoms in a magneto-optical trap. For subsequent evaporative cooling, the atoms are transferred into a magnetic trap. Degeneracy is achieved with typically a few 10 6 atoms. For detection of atomic correlations with high resolution, an ultra-fast delay-line detector has been installed. Consisting of four quadrants with independent read-out electronics that allow for true simultaneous detection of atoms, the detector is especially suited for quantum correlation experiments that require the detection of correlated subsystems. We expect our setup to allow for the direct demonstration of momentum entanglement in a scenario equivalent to the EPR gedankenexperiment. This will pave the way to matter-wave experiments exploiting the peculiarities of quantum correlations.
I. INTRODUCTION
Since the first realization of a Bose-Einstein condensate (BEC) [1] [2] [3] the field of dilute atomic gases has grown substantially and has opened up the possibility of novel research in many areas of physics. Among numerous developments, it enabled studies of the transition from the superfluid to the Mott insulator phase [4] , the BEC-BCS crossover [5] [6] [7] , and quantum atom optics [8] [9] [10] . While most of these experiments were limited to the observation of collective properties of the ensemble, more recent detection techniques allow for the resolution of single sites in optical lattices [11] [12] [13] or even the detection of individual atoms from an atomic cloud [14, 15] . The first method of this kind exploited the high internal energy of metastable states in noble gas atoms (several eV compared to about 10 −10 eV of kinetic energy in a BEC) to efficiently detect single atoms. In particular, BECs of metastable helium (He*) [16] [17] [18] have extended the field of atomic physics experiments to the single-particle level [14, 19, 20] .
Single-atom detection opens the path to performing matter-wave analogs [21] [22] [23] of some of the pioneering photon-entanglement experiments [24] [25] [26] . Where spontaneous parametric down-conversion (SPDC) commonly serves as a source for entangled photons, four-wave mixing (FWM) can create entanglement in the atomic case. FWM has been realized within BECs [9, 27, 28] , and, in combination with single-atom detection, revealed correlations outperforming the classical ones [10, 29] . * Correspondece to: michael.keller@univie.ac.at It is expected that the FWM process leads to momentum entangled particles which would be a threedimensional analog of the Einstein, Podolsky and Rosen (EPR) gedankenexperiment [30] . The EPR argument involves entanglement of freely moving, massive particles in their external degrees of freedom, and its realization is a long-standing quest of experimental quantum physics. Not only will its realization be a useful tool for a direct comparison with the photon entanglement experiments, but can potentially boost the sensitivity of matter-wave interferometers. From there on, specific features of matter, such as the access to Fermi statistics and its strong susceptibility to gravity, will extend the playground of entanglement beyond the possibilities of photonics.
Here we report on the realization of a BEC with typically several 10 6 He* atoms. Our experimental setup (see Fig. 1 ) combines optical detection and a delay-line detector. The latter is crucial for single-atom detection and eventual quantum correlation measurements. To achieve this, it is designed for high count rate, good resolution and the possibility of true simultaneous detection with its four independent quadrants, a novel feature that will be especially useful for experiments in schemes with number squeezed states and a highly directional output as, for example, described in [31, 32] . The structure of this paper follows the path of the atoms -from source to detection. First, a bright, continuous beam of metastable helium atoms is produced, precooled using a closed-cycle cryostat and collimated by means of laser cooling (Sec. II). Next, longitudinal slowing is achieved in a Zeeman slower (Sec. III), which makes magnetooptical trapping of the atoms possible (Sec. IV). The atomic cloud is then transferred into a magnetic trap (Sec. V), where Bose-Einstein condensation is reached after evaporative cooling (Sec. VI). Finally, we present our detection schemes, especially the delay-line detector (DLD) for single-atom detection (Sec. VII). The atoms are initially excited in the source (helium inlet tube and closed-cycle cryostat marked in green). The atoms get collimated by laser beams that enter through the windows drawn in orange and are decelerated in the Zeeman slower (highlighted in blue, as well as the telescope for the slowing laser beam). Four of the telescopes for the magneto-optical trap lasers are displayed in yellow (the two along the y-direction are not shown). Bose-Einstein condensation is achieved within the magnetic trap (coils shown in red) after forced evaporative cooling by radio frequency. The atoms can be imaged by absorption imaging (EMCCD camera and telescope in purple) or impact onto the single-particle resolving delay-line detector (located in the vacuum vessel in dark green). The figure is drawn to scale but some components (e.g., vacuum chambers and vacuum pumps) are not displayed. FC marks the positions where the two installed Faraday cup detectors can be inserted into the atomic beam path, the possible access points for fluorescence imaging of the atomic beam are marked with FI.
II. SOURCE
The very first part of any metastable helium experiment is a source where helium atoms are transferred to the metastable 2 3 S 1 state. Due to selection rules there are no allowed electric dipole and quadrupole transitions between this state and the ground state [33] . This makes the highly energetic state (19.8 eV above the ground state) hard to excite but also very long lived, that is, metastable. The radiative lifetime of almost 8000 s [34, 35] allows us to consider this state as the effective ground state, with two laser-accessible closed transitions. These transitions allow for optical manipulation of He* atoms.
We have built a supersonic, cold-cathode, DC discharge source that yields high flux and continuous output. As in the design of Kawanaka et al. [36] , the metastables are produced by electron impact in a reverse flow scheme, in which the gas flow at the discharge position is opposite to the output direction of the source, which helps to reduce the velocity of the emitted atoms (Fig. 2) . Helium enters the vacuum system through a needle valve (3 mbar inlet pressure). The gas flows between a glass tube and a steel tube to the cold finger. The cold finger is held at a temperature of approximately 28 K to reduce the kinetic energy of the helium by contact cooling. The cold atoms then pass a strong electric field between a tungsten needle kept at −2 kV and a grounded nozzle, where they are ionized by field ionization and a plasma is created. While some of the gas expands supersonically through a 0.5 mm wide nozzle, the rest of the gas flows back through the glass tube and is pumped out of the system. By recombination of the helium ions with free electrons, neutral helium atoms in electronically excited states are created. Through various cascades, a fraction of the atoms ends up in the energetically lowest triplet state of helium 2 3 S 1 . Together with photons, ions and helium atoms in other internal states, a fraction of these metastables enters the high vacuum chamber (10 −7 mbar when operating) through a conically shaped skimmer with a 0.5 mm wide opening.
The main design parameters of a He* source for cold atom experiments are flux and velocity. While the former should be as high as possible, the latter should be as low as possible. The low velocity ensures a short distance for the subsequent deceleration and thereby increases the capture efficiency of the magneto-optical trap (MOT). Since in discharge sources a higher flux is mainly achieved by intensifying the plasma (either by increasing the helium inflow or the discharge voltage), this also causes more heating and thereby higher velocities of the atoms. Some of the He* sources reported in the literature are run at room temperature while others are cooled with liquid nitrogen or even liquid helium. Our design for the first time uses a closed-cycle two-stage pulse-tube cooler that cools our source to temperatures significantly below liquid nitrogen temperatures (< 30 K during operation) while still being able to deliver a significant cooling power of about 2 W at those temperatures. With this, we can tune the discharge parameters to generate an atomic beam with a flux in the range of (1-8) × 10 14 atoms sr −1 s −1 and velocities between 650 m/s and 1000 m/s. There are three main contributions to the mean velocity of the atomic beam that can be achieved: firstly, the temperature of the cryostat and the available cooling power, secondly, the heating by the plasma and finally, an increase in velocity due to the supersonic expansion after the skimmer. The first two aspects correlate the mean velocity with the achievable flux since the temperature of a given cryostat increases with the gas load and a more intense plasma further increases the velocity. We usually operate our source at 4 × 10 14 atoms sr
and a peak velocity of 800 m/s by applying a discharge voltage of −2 kV and adjusting the helium inlet to around 3 mbar. The beam intensities were measured with a Faraday cup detector in which electrons are ejected upon collision with a stainless steel plate by the high internal energy of the He* atoms. In order to determine the velocities, a time-of-flight technique was used. In order to intensify and collimate the atomic beam, we use two-dimensional laser cooling. The surfaces of two mutually perpendicular mirror pairs are slightly inclined with respect to the atomic beam axis (Fig. 3) . In this way, an effectively curved wavefront of the laser light is created, thereby increasing the capture angle of the collimation [37] . Two orthogonal laser beams that are resonant with the 2 3 S 1 − 2 3 P 2 transition of He* enter the vacuum chamber at a capture angle of about 20 mrad and are reflected 12 times between the mirror pairs. This geometry corresponds to a radius of curvature R ≈ 7 m. The diameter of the laser beams is 6 mm, their intensity is 500 I s (I s is saturation intensity of the according atomic transition).
The atomic beam passes between two metal plates kept at a potential difference of 1 kV to deflect ions and electrons from the beam. While this was implemented as a precaution to minimize collisions of metastable atoms with charged particles in the beam, the influence on the loading rate of the trap turned out to be negligible. To optimize and measure the flux of the atomic beam, however, it is necessary to deflect charged particles from the beam as their contribution to the measurement signal can be up to an order of magnitude higher than the one from the metastable atoms. The beam can be detected either using the fluorescence of the atoms at 389 nm (2 3 S 1 −3 3 P 2 transition) or Faraday cup detectors. The positions along the atomic beam path where we have access for fluorescence imaging are marked with FI in Fig. 1 , the locations where our two Faraday cup detectors are installed are marked with FC. Using collimation, we observe a 30-fold increase in the atomic flux, thereby reaching a flow of metastable atoms at FC2 exceeding 1.5 × 10 11 atoms/s.
III. ZEEMAN SLOWER
Even though the helium atoms are precooled in the source, the longitudinal velocity of the atomic beam exceeds by far the capture range of our magneto-optical trap. Thus, the common technique of Zeeman slowing [38, 39] is used to decelerate the atoms from v ≈ 800 m/s to less than 100 m/s.
The atoms are slowed by a resonant, counterpropagating laser. In order to compensate for the change in Doppler shift during deceleration, a spatially varying magnetic field is created with a tapered solenoid, which causes a position-dependent shift of the Zeeman sublevels [38] . To optimize the field, we model the coil system with individual windings such that the target field is matched. In total, the Zeeman slower consists of 1.7 km enameled rectangular wire (2.5 mm × 1.1 mm) wound onto a 1.44 m long vacuum tube with an outer diameter of 34 mm. Seventeen double layers of windings in two sections with opposite magnetic field direction achieve a sufficiently strong magnetic field at a current of 2 A without the need for active water cooling. The magnetic field profile has been measured and found to be consistent with the model. The on-axis measurement along with the target field is depicted in Fig. 4 . While the field of an ideal Zeeman slower has a smooth variation along the axis, a real solenoid is made out of individual windings with steps at the end of each layer. At these steps, the magnetic field changes faster than what would be required for constant deceleration. To take this into account, a position-dependent efficiency η(x) of the Zeeman slowing can be calculated [39] ,
where δ 0 is the detuning of the laser from the atomic resonance without taking the Doppler or Zeeman shift into account. As can be seen in the inset of Fig. 4 , the efficiency of the slower oscillates according to the layer structure. Once the resonance condition is lost, the atoms will not get back into resonance and are not slowed any further. It is, therefore, practical to make the slower a little longer than theoretically necessary. A length of the solenoid of 1.36 m gives an average efficiency of 0.7 and guarantees η ≤ 1 everywhere along the trajectory of the atoms through the tube. The solenoid for the Zeeman slower is split into two sections that create a magnetic field in two opposite directions. Figure 5 shows the influence of the two slowing sections on the velocity distribution of the atomic beam. When the first solenoid is switched on, the axial velocity of the atoms is reduced in this measurement from 900 m/s to 400 m/s, and the second section reduces the axial velocity further to speeds that can be captured by the MOT, typically about 80 m/s.
In order to slow the atoms, we use similar parameters for the laser as used by other groups with He* BECs. Namely, the frequency of a σ + polarized laser beam at 1083 nm is red-detuned by −370 MHz with respect to the unshifted atomic transition. The beam has an initial diameter of 36 mm and is focused onto the skimmer of the source. This way the component perpendicular to the atomic beam axis counteracts the transversal heating.
IV. MAGNETO-OPTICAL TRAP
The slowed atoms are then captured in a magnetooptical trap (MOT). Its center is located 20 cm behind the Zeeman slower exit in an ultra-high vacuum (UHV) chamber with a base pressure in the 10 −11 mbar regime. This pressure is achieved with a combination of turbomolecular pumps and a titanium sublimation pump. While loading the MOT, the pressure increases to 3 × 10 −10 mbar, despite the use of a differential pumping stage (3.5 mm bore diameter, 150 mm length) at the entrance of the Zeeman slower and an additional turbomolecular pump at its zero magnetic field crossing. Blocking the direct line of sight from the source to the trap center with a fast shutter and closing a vacuum gate valve after loading of the MOT allows to perform all following experimental steps at the base pressure of the UHV chamber.
For the MOT, we use three pairs of counterpropagating laser beams that are mutually perpendicular to each other (cf. Fig. 1 ). Their diameter is 36 mm, and their intensity is 30 I s per beam. The light is red-detuned by −26.5 Γ (−43 MHz) from the atomic resonance. The high intensity and detuning increase the capture velocity of the MOT and keep the density of the atomic cloud low, which is necessary to minimize losses resulting from Penning ionization, a collisional process that deexcites the metastable helium atom back to its ground state and ionizes its collision partner [40] . Penning ionization can also occur between two He* atoms, in which case both atoms are lost from the trap.
The quadrupole magnetic field for the MOT is generated by the outer radial (OR) coils that are part of the "cloverleaf" magnetic trap assembly (Fig. 6) . The coils have a diameter of 12 cm and are 10 cm apart. The magnetic field gradient at the trap center is 20 G/cm in radial and 10 G/cm in axial direction with respect to the symmetry axis of the magnetic trap.
We trap 6 × 10 8 atoms at a temperature of 1.5 mK. The lifetime of an atom cloud in our MOT is 190 ms and it has a radius of 1.9 mm. Those numbers are comparable to other setups of metastable helium BECs.
V. MAGNETIC TRAP
The quadrupole potential of the magnetic field in the MOT, due to its zero crossing, is not suited for trapping atoms for longer times. Therefore, one has to create a potential that has a non-zero magnetic field minimum. We have constructed a "cloverleaf" magnetic trap [41] , depicted in Fig. 6 , which gives 360
• optical access around the symmetry axis of the coil arrangement. The minimum of the magnetic field is located at the MOT center.
To load the atoms into the magnetic trap, we need to reverse the current in one of the OR coils with respect to the MOT configuration. We switch off the MOT current for 2 ms. Meanwhile, a 0.3 ms three-dimensional optical molasses pulse with a detuning of −2.5 Γ (−4 MHz) and an intensity of 5 I s reduces the temperature of the cloud further to 1 mK. Further cooling is avoided at this point to keep the density of the atomic cloud rather low and thereby losses due to Penning ionization to a minimum.
Immediately after the molasses pulse, we switch on the currents of the cloverleaf magnetic trap, with its potential mode-matched to the MOT. Simultaneously, two counter-propagating laser beams, aligned along the quantization axis of the trap, spin-polarize the atomic sample within 0.5 ms to the magnetic low-field seeking state. Even though the beams are blue-detuned by 32 MHz (20 Γ) with respect to the unshifted atomic transition, they become resonant during the build-up of the magnetic field. Thus, the exact detuning as well as the laser intensity (2 I s in our case) are not crucial and can be adjusted over a broad range. As has been shown [42] the spin polarization not only increases the number of atoms in the trap but also significantly reduces two-body losses due to Penning ionization. We have measured a threefold increase in the number of atoms in the trap due to the optical pumping of atoms to the low-field seeking state. At this point, the magnetic trap has trapping frequencies of ω rad /2π = 32 Hz and ω ax /2π = 62 Hz in radial and axial direction, respectively, and the bias field is 24 G. We transfer about 90% of the initial atoms into the magnetic trap where they are in the 2 3 S 1 , m J = +1 magnetic sub-state. The trap depth is around 2 mK. With the gate valve in front of the Zeeman slower closed, we achieve a lifetime of 61 s, which is limited by collisions with background gas. Subsequently, we apply 1D laser cooling in the magnetic trap [43, 44] for 1.2 s, which reduces the temperature of the sample to 150 µK. Two counter-propagating beams are detuned by −5 Γ (−8 MHz) with respect to the Zeeman-shifted transition at the trap minimum. They are σ + polarized and have an intensity of 10 −4 I s . In order to increase the elastic collision rate, we increase the density of the atoms by adiabatic compression of the trap to ω rad /2π = (800 ± 13) Hz and ω ax /2π = (47 ± 5) Hz in radial and axial direction, respectively, which corresponds to a radial gradient of 95 G cm −1 , an axial curvature of 11 G cm −2 and a bias field of 2 G. At this point, we have 5 × 10 8 atoms at a phase space density of nλ 3 dB = 10 −6 (where the density of the atomic cloud n and the thermal de Broglie wavelength λ dB can be obtained from absorption measurements), which are excellent conditions to start forced evaporative cooling.
Stability of the currents in the magnetic trap coils is crucial for limiting the heating rate and thereby improving the lifetime of the atomic cloud. Also the repeatability of the magnetic field distribution when performing the same experiment multiple times is essential, especially for experiments that require good statistics. Particularly the magnitude of the magnetic field at the trap center is very susceptible to fluctuations since it results from the subtraction of the much larger magnetic fields created by the outer radial coils and the inner radial coils. To achieve those two stability requirements, the currents are measured with the help of precise current transducers and shunt resistors with a very low susceptibility to temperature changes and aging effects. The measured currents are then stabilized by analog PID circuits to controllable reference voltages from low-noise battery sources. The remaining rms noise can be deduced by measuring the fluctuations on the error signal of the PIDs, which is around 10 −4 . This translates to a 1% stability of the 2 G magnetic field at the trap center since it results from the subtraction of two fields on the order of 160 G.
VI. BOSE-EINSTEIN CONDENSATION
Further cooling of the atoms is done by radiofrequency-induced (rf) evaporative cooling, where the atoms with the highest energy are spin-flipped and become untrapped, whereas the remaining atoms rethermalize at a lower temperature [45] [46] [47] . We evaporate atoms by applying up to 20 W of rf power to a pair of coil antennas and ramping the frequency exponentially from 75 MHz to below 6 MHz over a time period of 8 s. At the end of the ramp, typically a few 10 6 atoms undergo a phase transition to the BEC. Shorter ramps also lead to a BEC, albeit with smaller numbers of atoms. Figure 7 shows the increase of phase-space density at the (Color online) Increase of the phase-space density (black crosses) and decrease of the number of atoms (red circles) during the evaporative cooling. We lose more than 99 % of the atoms, but the phase-space density increases by five orders of magnitude. While in this realization we evaporated the atoms over a time span of 16 s, degeneracy of the atoms can be achieved in less than half of this time, which only slightly decreases the remaining number of atoms. cost of losing atoms over the duration of the rf ramp. A signature of boson degeneracy is the asymmetric expansion after release from the trap (Fig. 8) , as well as a parabolic density distribution (Fig. 9) . From the Thomas-Fermi approximation one can estimate the initial size of the condensate; we find radial and axial radii of R rad ≈ 7 µm and R ax ≈ 140 µm, respectively. The lifetime of the BEC is 250 ms.
VII. DETECTION OF METASTABLE ATOMS
We have two means of detecting and analyzing the cold atomic cloud: by absorption imaging and by using a delay-line detector (DLD).
Absorption imaging is used to detect and analyze the whole ensemble of atoms in the cold atomic cloud. An EMCCD camera delivers high detection efficiency at 389 nm, which can be exploited for fluorescence imaging of the atomic beam. However, for the cold cloud with a limited number of atoms, the large momentum transfer of the blue light rapidly accelerates the atoms out of resonance with the imaging beam (compare Fig. 10 ). Technical limitations with the drivers of our acousto-optical modulators set a lower limit on the length of the imaging laser pulses to about 50 µs. If the atoms are pushed out of resonance on a shorter time scale, the contrast in the image decreases which cannot be compensated for by a high detection efficiency. Instead we use 0.01 I s of resonant light at 1083 nm and image the shadow of the cloud. From the optical depth of the atomic cloud we deduce the number of atoms and from time-of-flight measurements obtain the temperature of the cloud. The key element in our setup, though, is the DLD (Fig. 11) , which allows for single-atom detection. It is mounted 80 cm below the trap and can be moved and rotated in the xy-plane by translational and rotational stages, respectively. The detection process starts at a micro-channel plate (MCP), which emits an avalanche of electrons when hit by a highly energetic particle. Subsequent recording of the arrival times of the electronic signal propagating along a delay line reveals its impact position and time.
Due to the propagation of the electronic signal along the delay lines, a dead time of 25 ns between two recordable events arises. Besides the dead time, electronic read- Due to the higher photon recoil for 389 nm photons (blue squares), the absorption rate drops much faster than for 1083 nm photons (red circles). The horizontal spacing between the dots indicates the average time between the scattering of two photons [48] . Therefore, by using the 1083 nm transition for absorption imaging of the atomic cloud, the atoms stay resonant and scatter photons for a longer time than in the case of 389 nm laser light.
out and charge depletion of the MCP itself limit the burst count rate to a few 10 6 s −1 . The specialty of our DLD design is having the delay line itself split into four quadrants, each equipped with independent read-out electronics. This overcomes the dead time for particles not falling onto the same quadrant. Hence, true simultaneous detection of atoms registered at different quadrants can be achieved, which will be especially useful for quantum correlation experiments with a directed emission of particles.
We measure a temporal precision of (220 ± 18) ps and a spatial precision of (177 ± 32) µm. These values represent rms deviations from the mean values. The measurement of the temporal resolution has been performed by shining a picosecond mode-locked UV laser on the quadrants of the detector and analyzing the fluctuations of the registered detection events around the laser repetition rate. The spatial resolution has been directly measured by placing a mask with 30 µm wide holes on top of the MCP and deconvoluting the obtained pattern with the size of the holes. The obtained values are much larger than the time-bin size of the time-to-digital converter (6.8 ps) or the spatial discretization of our detector (about 30 µm) and represent the actual performance in our current setup. Including the filling factor of the MCP, we estimate the efficiency of the overall process for single metastable helium atoms to be approximately 7 % by comparing with numbers of atoms measured in absorption imaging. The estimate is on the conservative side and compares well to what has been reported by the Palaiseau group [10] . From the spatio-temporal information of the detection event, the momentum-space distribution of the atoms can be reconstructed (Fig. 12 ), Metastable helium atoms falling onto the micro-channel plate (MCP) get deexcited and are likely to cause the emission of an electron that can be amplified to an electron avalanche in one of the channels. When it hits the delay lines located underneath the MCP, it creates an electronic signal that propagates along the wires in both directions. After preamplification, pulse discrimination and time-to-digital conversion (TDC), the four arrival times are recorded. Due to a constant propagation speed of the electronic signals along the delay lines, the arrival position of the helium atom can be deduced from tx1 − tx2 and ty1 − ty2. The arrival time of the atom at the detector is determined by taking the average of the four recorded times. The active region of the MCP has a diameter of 80 mm, the delay-lines of each quadrant extend over rectangular regions with a size of 45 mm × 48 mm with a separation between two neighboring quadrants of below 1 mm. At the turning points of the delay lines strong distortions are introduced that cannot be corrected for by calibrating the detector. Therefore a region of approximately 5 mm in between the quadrants has to be discarded.
which will be an essential element for future correlation experiments.
VIII. CONCLUSIONS
To achieve Bose-Einstein condensation, a sequence of well-controlled manipulation and cooling steps has been designed, developed, implemented and characterized. First, the atoms are excited to their metastable state within a DC-discharge source. Transverse laser cooling increases the atomic beam flux, which is necessary to achieve high loading rates into a magneto-optical trap. The MOT is loaded after deceleration of the atoms in a Zeeman slower. Following the transfer to a magnetic trap, the atoms are cooled to degeneracy, with typically a few 10 6 atoms at temperatures of around 1 µK. This will eventually serve as a source for coherent matter-wave experiments.
Moreover, a micro-channel plate in combination with a delay-line detector has been attached to the system and its characteristics were tested. The delay-line de- 4 for this measurement). Knowing the distance of the trap to the detector, the momentum of the atoms can be reconstructed. While no specific structure can be seen by bare eye in the 3-dimensional plot, the 2-dimensional projections show the higher density of the condensed part of the atoms. The four different quadrants of the detector can be identified in the projections because of the areas in between the quadrants where data has been discarded due to noncorrectable distortions. Note that the detector was rotated with respect to the magnetic-trap symmetry axis in this measurement, therefore x = x, y = y.
tector has the capability to resolve single-atom detection events temporally with (220 ± 18) ps and spatially with (177 ± 32) µm at rates of several 10 6 events per second and quadrant.
The combination of a BEC as source for coherent matter waves and single-atom detection capability to measure correlations will enable us to perform experiments with non-classical states of matter waves that can be created via four-wave mixing in the condensate. The combination of high count rates, good resolution and true simultaneous detection with independent quadrants of the delay-line detector provides excellent conditions for this type of experiments. It will bring a three-dimensional version of the original Einstein-Podolsky-Rosen paradox closer to realization in a matter-wave system and push the field closer to exploiting the possibilities of matterwave quantum entanglement.
